Detection of weak magneticˆelds induced by neuronal electrical activities with magnetic resonance imaging (MRI) is a potentially eŠective method for functional imaging of the brain. In this study, we compared the theoretical and practical limits of sensitivity for detecting weak magneticˆelds with a columnar phantom. The theoretical limit of sensitivity was estimated from signal and noise intensities in magnetic resonance images. The theoretical limit of sensitivity was approximately 10 -8 T. The practical limit was 10 times the theoretical limit. The dependence of the theoretical limit of sensitivity on acquisition parameters, such as the repetition time (TR), echo time (TE), number of pixels, and spectral width, was quantitatively evaluated. The results indicated the existence of an optimal value in T E W T 2 * .
Introduction
Imaging of temporal and spatial distributions of neuronal electrical activities in the brain is important for the study of brain functions. Some attempts have been made to use magnetic resonance imaging (MRI) for detecting weak magneticˆelds induced by neuronal electrical activities in order to develop a new method of mapping brain functions. [1] [2] [3] [4] [5] While this method has the potential to provide high temporal and spatial resolutions, the detection of a magneticˆeld from neurons requires extremely high sensitivity. Scott et al. investigated the theoretical limit of sensitivity of magnetic resonance current-density imaging. 6 However, their discussion is based on the detection of externally applied bipolar currents, which is not necessarily applicable to the detection of magnetiĉ elds induced by neuronal electrical activities.
In this paper, we performed an analysis of the theoretical limit of sensitivity using gradient echo (GRE) according to the theory of the signal-tonoise ratio in MRI and compared the theoretical limit with the practical limit by means of a phantom experiment. In addition, we investigated the dependence of the theoretical limit of sensitivity on acquisition parameters.
Theory

Signal intensity
The magnetization M0 (nuclear magnetic moments per unit volume) induced in a sample by the main static magneticˆeld B0 is calculated with the following equation: J W K), and TS is the absolute temperature of the sample. 7 When a magnetic resonance (MR) image is obtained with â eld of view of L×L and a slice thickness of th, the signal intensity S per voxel is
where TR is the repetition time, T1 and T2 * are the relaxation times of the sample, and u is the ‰ip angle. B1 is the intensity of magneticˆeld that the unit current ‰owing in the receiver coil produces at The phantom wasˆlled with a gel containing 1z agarose and 0.9z NaCl. To correct phase drifts, four columnar referencesˆlled with the gel were placed around the phantom. The phantom was located at the center of a oneturn surface coil to obtain images. 
Noise
In MR images, noise is attributable partly to conductors in the receiver coil and partly to the sample. The eŠective resistance RC of a one-turn coil is
where r is the resistivity of the coil, l its length, p its circumference, mrm0 its permeability, and d the radio frequency skin depth. 9 The eŠective resistance RS of a columnar sample is
where v0 is the magnetic resonance frequency (v0＝gB0), s the conductivity of the sample, rS its radius, and h its height. 10 In an MR image consisting of n×n voxels, the Johnson noise N due to the coil and sample per voxel is
where Df is the spectral width of the receiver circuit and TC is the absolute temperature of the coil. 9 Theoretical limit of sensitivity The intensity b of a weak magneticˆeld in a sample is estimated from a change in the MR signal. 6 The uncertainty sB in the estimated value of the magneticˆeld due to the noise in the MR signal is
The weak magneticˆeld b can be detected when b is higher than the uncertainty sB. Thus, sB gives the theoretical limit of sensitivity for magneticˆelds.
Experiments
To evaluate the practical limit of sensitivity for detecting the magneticˆeld induced by currents, we obtained GRE phase images of a columnar phantom with a 4.7T MRI system. Figure 1 shows a schematic of the columnar phantom. Copper electrodes were attached to the top and bottom. The phantom wasˆlled with a gel containing 1z agarose and 0.9z NaCl. To correct phase drifts, four columnar referencesˆlled with the gel were placed around the phantom. To obtain images, the phantom was located at the center of a one-turn surface coil. Table 1 shows parameters of the phantom, the references, and the surface coil. The radius rS and height h of the phantom were 6.5×10 80 mV. Table 2 shows the imaging parameters used in the phantom experiment. The static magnetiĉ eld B0 was applied in the ＋z direction with an amplitude of 4.7T. The imaging parameters were not optimized because the optimized parameters could result in an extremely small noise intensity.
Phase angle images were generated from the measured GRE signals. The phase images were unwrapped to eliminate discontinuities in phase. To compute the phase shift Dq, the phase image without electrical current pulses was subtracted from the phase images with the pulses. The intensity of the magneticˆelds generated by the electric currents was calculated from the phase shift with the following equation
where DB is the magneticˆeld generated by the electrical currents. Using equation (6), we analyzed the dependence of the theoretical limits of the sensitivity sB on parameters: TR W T1, TE W T2*, number of voxels n, and spectral width Df. Figure 2 shows magneticˆeld images with electrical currents of 10 mA and 1 mA and a theoretical prediction of the magneticˆeld. The top of the images is the ＋z direction, and the right of the images is the ＋x direction. The solid lines indicate the theoretical predictions of the magneticˆeld induced by electrical currents in the x-axis of the phantom. The dots indicate the experimentally obtained magneticˆelds. The dashed lines indicate the theoretical limit of sensitivity. According to Ampere's rule, the magneticˆeld on the x-axis can be calculated with the following equation: 
Results and Discussion
DB＝ m0 2 IS prs 2 x (8)
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where IS is the intensity of the electrical current applied to the phantom. Under these conditions, the theoretical limit of sensitivity sB was 1.5×10 -8 T. At 10 mA, the experimentally obtained magneticˆeld was in good agreement with the theoretical prediction. At 1 mA, the image marginally showed the generated magneticˆeld, though the noise in the image was comparable in intensity to the magneticˆeld.
The practical limit of sensitivity was statistically evaluated with Student's t-test. Figure 3 shows the levels of statistical signiˆcance in the diŠerence between the phase images obtained with and without the electrical currents. The pixels with a level of statistical signiˆcance below 1z were extracted and superimposed on a magneticˆeld image. An increase in the intensity of the electrical current resulted in a decrease in the level of signiˆ-cance. The pixels exhibiting statistical signiˆcance were found mainly on the left and right edges of the phantom, which was consistent with the theoretical prediction. We deˆned the practical limit of sensitivity as the level of 1z. The practical limit of sensitivity was about 10 times the theoretical limit of sensitivity. In calculating the theoretical limit of sensitivity, we attributed the noise in the MR images to the Johnson noise from the coil and sample. However, the practical limit was greater because of unconsidered factors such as radiation loss and system noise. Figure 4 shows dependences of the theoretical limit of sensitivity on the following parameters: (a) TR W T1, (b) TE W T2*, (c) number of pixels n and (d) spectral width Df. An increase in TR W T1 caused a decrease in the theoretical limit of sensitivity, while an increase in the number of pixels n or the spectral width Df caused an increase in the theoretical limit of sensitivity. The dependence on TE W T2* indicates the existence of an optimal value in TE W T2*.
Conclusion
In this study, we analyzed the theoretical limit of sensitivity for detecting magneticˆelds induced by electrical currents by computing the theoretical value of signal and noise in GRE phase images. We also evaluated the practical limit of sensitivity. In the case of the columnar phantom with injection of pulsed electrical currents, the theoretical and practical limits of sensitivity were approximately 10 T, respectively. The dependence of the theoretical limits of sensitivity on acquisition parameters was quantitatively evaluated.
